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ABSTRACT—AIbumin plays an important role in maintaining physiological homeostasis. Although decreased albumin
concentration has been well described as an acute-phase response following injury, it is unclear whether the decrease is
due to compromised synthesis of albumin, dilution, or imbalance between synthesis and breakdown rates, particularly after
injury. We investigated changes in albumin synthesis in severely burned patients using stable isotope infusion techniques.
Five patients (29 + 3 years; 80 + 7 kg) with burn of 48% + 4% total body surface area (TBSA) were enrolled and studied in
the ICU at the Burn Unit of the US Army Institute of Surgical Research. Five age- and sex-matched healthy volunteers
(33 + 5 years; 81 £ 6 kg) were included as controls. On the study day (13 + 3 days after burn), a primed constant infusion
(4 h) of stable isotope ds-phenlylalanine and ds-ketoisocaproic acid was given. Hourly arterial blood samples were drawn
during the infusion to determine albumin synthesis rates, using gas chromatography—mass spectrometry analysis. Burned
patients had higher heart and respiration rates. Plasma total protein in burn patients (4.5 + 0.3 g - dL™") was
lower compared with controls (6.8 + 0.2 g - dL™"). Plasma albumin concentration in burn patients (1.1 + 0.1 g - dL™")
was also lower compared with controls (3.8 + 0.1 g - dL™"; both P < 0.05). Albumin synthesis rate in burn patients (4.6 +
0.2 mg - kg~ ' h™") was enhanced compared with controls (2.2 + 0.2 mg - kg~ ' - h™'; P < 0.05). Despite the decrease

in albumin concentration, albumin synthesis was enhanced in severely burned patients during the flow phase.
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INTRODUCTION

Albumin is a predominant product of hepatic synthesis and
is the most abundant plasma protein. The physiological func-
tions of albumin include maintaining plasma osmotic pres-
sure, binding and transporting free fatty acids, scavenging free
radicals, and maintaining capillary membrane permeability
(1). These important roles have made albumin concentration
an important indicator of nutritional status, morbidity, and
mortality in patients (2, 3).

Decreases in albumin levels have been commonly observed
in patients during infection (4) and after trauma or surgery (5).
Specifically after severe burn, plasma albumin concentration
was universally observed to be decreased shortly after the
injury and remained at depleted level even 8 weeks after the
injury (6). Depletion may be due to inhibited synthesis, dilu-
tion, or increased disposal relative to synthesis before reach-
ing steady state. To date, the mechanisms contributing to the
decrease in plasma albumin concentrations remain unclear.

This study was designed to investigate changes in albumin
synthesis in severely burned adult patients, using a stable iso-
tope infusion technique with subsequent gas chromatography—
mass spectrometry analysis. An age- and-sex-matched control
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group was included to compare the changes in albumin syn-
thesis in relation to changes in albumin levels.

MATERIALS AND METHODS

Sterile stable isotope ring-ds-phenylalanine (ds-phenylalanine) and 5,5,5-
ds-ketoisocaproic acid (d;-KIC, potassium salt) were purchased from Cam-
bridge Isotope Laboratories (Andover, Mass). Sterile indocyanine green (ICG)
dye and 0.45% normal saline were purchased from Akorn, Inc (Buffalo
Grove, Ill) and Baxter Healthcare Corporation (Deerfield, Ill), respectively.
Before study commencement, approval was obtained from the Brooke Army
Medical Center institutional review board (H-04-017). Patients admitted to the
burn unit at the US Army Institute of Surgical Research with severe burn
equal to or greater than 20% total body surface area (TBSA) were screened.
Those with preexisting chronic diseases (i.e., liver, heart, and lung), with
acute life-threatening illness, who were pregnant or nursing, or with allergy to
iodine or any dye were excluded. The isotope infusion study was performed
on 13 + 3 days after burn in enrolled patients while in a hypermetabolic state.
Stable isotope solutions of ds-phenylalanine (80 umol - mL™") and d5-KIC
(120 pmol - mL™") were prepared at the Pharmacy Department at Brooke
Army Medical Center under sterile and certified fume hoods. On the study
day, after baseline physiological measurements and blood draws, primed
constant infusions of ds-phenylalanine (0.2 umol - kg~' - min~") and d5-KIC
(0.3 pmol - kg~' - min~") were performed for 4 h in each subject through
sterile 0.2-um sterile and nonpyrogenic Tuffryn membrane filters (Paul Cor-
poration, Ann Arbor, Mich). Albumin synthesis was measured based on the
incorporation rate of phenylalanine tracer (ds-phenylalanine) or leucine tracer
(ds-leucine) into the albumin molecule. The ds-leucine was produced in-
tracellularly from the infused d;-KIC tracer. We considered that the plasma
leucine enrichment would be closer to the precursor enrichment of leucine
in the intracellular process of albumin synthesis. A similar method has been
used to measure muscle protein synthesis rate (7). Hourly arterial blood
samples were taken during the infusion. Indocyanine green dye was injected
to measure plasma volumes during the infusion. Physiological measurements
(i.e., heart rate, MAPs) were monitored and recorded hourly during the study.

Analytical methods

Blood chemistry was measured using a Dimension Clinical Chemistry
System (Dade Behring Inc, Newark, Del), which included plasma total pro-
tein content and plasma concentrations of albumin and liver enzymes. Plasma
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TasLE 1. Plasma concentrations of albumin, fibrinogen, and total
protein in burned patients and normal volunteers
(n = 5 per group)

Albumin, Fibrinogen, Total protein,
Groups g-dL! mg - dL~’ g-d.’
Control 3.8+0.1 264.1 = 30.9 6.8 £0.2
Burn 1.1+02" 632.4 + 41.9* 45 +0.3"

*P < 0.05 compared with control.

fibrinogen concentration was measured using the BCS Coagulation System
(Dade Behring, Deerfield, Ill).

For assessment of plasma free amino acid enrichments, 0.5 mL of acidi-
fied plasma was loaded on a cation exchange column (AG 50W-X8 resin,
200-400 mesh, H* form; Bio-Rad, Hercules, Calif). Amino acids were
separated after elution with ammonium hydroxide. The extracts were dried
under speed vacuum and derivatized by N-methyl-N-(tert-butyldimethylsilyl)-
trifluoroacetamide at 100°C for 1 h. Plasma albumin was isolated by ethanol
extraction from trichloroacetic acid—precipitated plasma protein, following pro-
cedures described by Debro and Korner (8). The purity of the isolation has
been documented previously (9, 10). The isolated albumin was dried and hy-
drolyzed in 6 N HCI at 110°C for 24 h. The released amino acids after hy-
drolysis were isolated, dried, and derivatized in the same manner as for plasma
free amino acids. The enrichments of phenylalanine and leucine from the
plasma free amino acid pool and from albumin protein were determined by gas
chromatography—mass spectrometry analysis (model 5973; Hewlett-Packard,
Palo Alto, Calif) in the electron impact ionization mode. A selective ion-
monitoring method was used at nominal mass-to-charge ratio (m/z) of 336
(m + 0) and 341 (m + 5) for phenylalanine and 302 (m + 0) and 305 (m + 3) for
leucine. The enrichment was expressed as tracer (labeled amino acids)—to—
tracee (unlabeled amino acids) ratio (TTR).

Calculations
Plasma albumin fractional synthesis rate (FSR) was calculated using the
convention formula (11):
FSR = (EB;,) — EB(u)) / (EF x t)

where EBy, is the enrichment of albumin-bound amino acids, and EF is the
precursor from amino acid enrichment. In using tracer ds-phenylalanine to
calculate FSR, EB, was albumin-bound phenylalanine enrichment, and EF
was plasma free phenylalanine enrichment at the steady state. In using tracer
d3-KIC to calculate FSR, EB(;) was albumin-bound leucine enrichment, and
EF was the plasma free leucine enrichment at the steady state. Albumin half-
life was calculated as In2 / FSR.

The plasma albumin absolute synthesis rate (ASR) was calculated by
multiplying FSR with plasma albumin concentration and plasma pool size,
which was measured using ICG dye.

Statistical analysis

All results are expressed as mean + SE. Comparisons in physiological
measurements, liver enzyme activities, substrate concentrations, and albumin
synthesis were made with two-sided nonpaired Student ¢ test between the
groups. Statistical significance was set at 0.05.

RESULTS

Following inclusion and exclusion criteria, five severely
burned patients (29 + 3 years old; 80 + 7 kg; 48% * 4%
TBSA) consented to participate and were enrolled. All five
enrolled patients received Peptinex DT (CWI Medical, Farm-
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ingdale, NY). Their nutritional needs were estimated at
3,386 + 542 kcal - d” ' and 167 + 24 g of protein (or 2.1 +
0.4 g - kg~ ! of protein per day). All enrolled patients received
greater than 90% of the estimated needs based on tube feeds
received, and none of them had active infection during the
study. It is common practice in our ICU to use synthetic al-
bumin as a maintenance and/or resuscitative fluid after 24 h
of admission for up to 48 h. However, none of the enrolled
patients received any exogenous albumin 48 h before the
isotope infusion study. In addition, five age- and sex-matched
normal healthy volunteers (33 + 5 years old; 81 + 6 kg) were
studied as healthy controls.

All physiological measurements in the control and burn
patients, respectively, remained unchanged during the isotope
infusion, indicating a physiological steady state. Compared
with the control group, burn patients had significant increases
in respiration rate (25 = 2 vs. 16 = 2 breaths/min in control)
and heart rate (114 = 3 vs. 72 £ 7 beats/min in control; both
P < 0.05). These signs indicated a severe burn—induced
hypermetabolic and hyperhemodynamic status (12). Burned
subjects had decreased levels of plasma albumin and total
protein and increased levels of plasma fibrinogen (Table 1).
Plasma volumes, measured by ICG dye, were higher in burn
patients (50 + 2 mL - kg~ ') compared with control values
(35 £ 2 mL - kgfl; P < 0.05). Serum liver enzyme con-
centrations in burn patients were significantly higher than
those in the control group (P < 0.05) (Table 2).

The enrichments of plasma free phenylalanine TTR (m + 5)
from ds-phenylalanine infusion in both groups reached plateau
values (29.5% = 2.0% in control and 15.0% + 1.3% in burn
patients) after 1 h of ds-phenylalanine infusion. Similarly, the
enrichments of plasma free leucine TTR (m + 3) from d;-KIC
infusion in both groups reached plateau values (13.2% + 1.0%
in control and 5.3% * 0.6%) in burn patients after 1 h of
d3;-KIC infusion. The calculated appearance rate of free
phenylalanine, which is a reflection of whole-body protein
breakdown, was 0.76 + 0.04 pmol - kg ' - min~' in control
and 1.80 + 0.18 pmol - kg ' - min~! in burn patients (P <
0.05). The appearance rate of free leucine was 2.07 +
0.14 pmol - kg~' - min~" in control and 6.00 + 0.71 pmol -
kg™ - min~" in burn patients (P < 0.05), indicating a severe
protein catabolic state.

The enrichments of albumin-bound phenylalanine TTR
(m + 5) showed a linear increase during the infusion of
ds-phenylalanine. Plasma albumin FSR was calculated from
the increases in albumin enrichments during the 4-h-infusion
study. Albumin FSR measured by ds-phenylalnine was 0.17% +
0.01% per hour in control and 0.86% + 0.11% per hour
in burn patients (P < 0.05). Albumin ASR, calculated by
multiplying albumin FSR with albumin concentrations and

TaBLE 2. Serum liver enzyme concentrations in burned patients and normal volunteers (n = 5 per group)

Aspartate aminotransferase,

Alanine aminotransferase,

Lactate dehydrogenase, y-Glutamyl transferase,

Groups u-L! u-L u-L u-L
Control 17+ 3 33+4 145+ 8 21 +4
Burn 99 + 27* 119 + 26* 272 + 34* 103 + 36*

*P < 0.05 compared with control.
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plasma volumes, was 2.2 + 0.2 mg - kg~ ' - h™' in control and
462 + 024 mg - kg”' - h™! in burn patients by tracer ds-
phyenlalanine (P < 0.05). The half-life of albumin decreased
from control value of 17 = 1 to 4 + 1 days in burn patients
(P < 0.05), indicating albumin turnover was accelerated by
burn injury.

Similarly, the enrichments of albumin-bound leucine TTR
(m + 3) showed a linear increase during the infusion d3-KIC.
Plasma albumin FSR measured by d3;-KIC was 0.21% =+
0.02% per hour in control and 0.85% * 0.09% per hour in
burn patients (P < 0.05). Albumin ASR was 2.7 = 0.2 mg -
kg ' -h™'in control and 4.63 + 0.18 mg - kg ' - h™' in burn
patients by tracer d3-KIC (P < 0.05). The half-life of albu-
min decreased from control value of 16 + 1 to 5 + 1 days in
burn patients (P < 0.05). It is worth mentioning that, within
each group, the values of FSR and ASR measured by the two
tracers (ds-phenylalanine and d;-KIC) were similar, and sig-
nificant increases in FSR and ASR by severe burn were shown
by both tracers independently.

DISCUSSION

Albumin plays important roles in host homeostasis. Changes
in albumin synthesis have been investigated in patients with
various diseases, such as cirrhosis, uremia, and diabetes (9, 13,
14). Decreased albumin concentration has been widely rec-
ognized as an acute-phase response following burn injury. In
this study, we investigated the contributions of albumin syn-
thesis to changes in albumin concentration in severely burned
adults. Our data demonstrate that despite the decrease in
plasma albumin concentration, albumin endogenous synthesis
was highly accelerated following severe burn. Thus, hypo-
albuminemia observed in burn patients does not seem to be
secondary to inhibited synthesis.

The important roles of albumin have initiated efforts in
investigating albumin kinetics. As the most abundant plasma
protein, albumin is exclusively synthesized in the liver. In
normal subjects, albumin synthesis is about 5% to 10% per
day, and the half-life of albumin is 16 to 19 days (15-19).
Under normal conditions, albumin disposal takes place pri-
marily in the vascular endothelium (20), and the catabolic rate
is approximately 10% per day, similar to that of synthesis
(18). Although decreased albumin levels are commonly ob-
served in burned patients, limited information exists on the
effects of injury on albumin metabolism. In this study, using
stable isotopic techniques, we observed a 100% increase in
albumin synthesis in severely burned adults, although the
albumin concentration in these patients was less than 30% of
the control values. This observation demonstrates that the de-
pletion of albumin concentration was not likely due to in-
sufficient albumin synthesis. In addition, we did not observe a
correlation of changes in albumin synthesis with burn size in
this study. This is possibly due to the severity of burn in this
study. The TBSA in the enrolled patients was 48% + 4% in
this study, and protein catabolism in burn patients has been
shown to plateau at 40% TBSA (21).

It is worth mentioning that even with the 100% increase in
albumin synthesis, albumin synthesis rate remains to be rel-
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atively small compared with its pool size (<1% of the total
albumin pool size was synthesized per hour). Thus, it may
take days for changes in synthesis to be reflected in albumin
levels, if other kinetic parameters remain unchanged. In other
words, changes in albumin synthesis are unlikely to have a
prompt and significant impact on albumin concentrations.

As a transport protein, albumin has a molecular weight of
65,000, and about 50% of its content is confined in the vas-
cular pool. In contrast to albumin synthesis rate, albumin
transport through the transcapillary membrane is very rapid.
In the past, albumin transport was assessed as the trans-
vascular escape rate (TER), an estimate of the loss of albumin
across the vascular endothelium based on intravenous injec-
tion of radioactive-labeled albumin. Transvascular escape rate
of albumin in normal subjects is found to be about 5% per
hour (5, 18, 22), which is more than 20 times higher than that
of normal albumin synthesis. Thus, changes in albumin trans-
port are likely to have a significant impact on plasma albumin
levels. It is also likely that some albumin lost to the intra-
vascular space will return in a “give and take”; thus, con-
centration values remain unchanged under normal conditions.
Following surgical trauma, Fleck et al. (5) reported a 2-fold
increase in TER within a few hours after the surgery.
Transvascular escape rate was also shown to have increased
in patients with a combination of hypoalbuminemia and
cancer (23, 24), infection (25), and hypertension (22). After
severe burn, vascular permeability is increased following
injury (26-28), and significant changes in vascular permeabil-
ity on plasma fluids and osmotically active proteins occur
within hours (29). Substances with a molecular weight of
125,000 are found to pass freely through the injured capillary
membrane (30). In addition, capillary permeability was also
found to be increased even at unburned areas (31). Because
albumin TER is already high under normal circumstances, the
increase in vascular permeability by burn may further am-
plify albumin TER. Furthermore, the balanced give-and-take
under normal conditions may be disturbed by burn, with
possibly increased leakage to the extravascular pool and de-
creased return to the intravascular pool. Therefore, the de-
crease in plasma albumin levels may likely be due to the
increase in albumin leak to the extravascular pool.

Protein is synthesized from amino acids and is regulated
by the availability of intracellular amino acids. Metabolic re-
sponses to stress of trauma, inflammation, or infection are
generalized by an increase in whole-body protein turnover
rate, with a net loss of body protein (32, 33). Amino acid
release from muscle and amino acid uptake in the splanchnic
bed are increased (33). The shift of amino acid sources from
muscle to liver is considered to be beneficial as it facilitates
hepatic synthesis of proteins, which are critical for survival.
Similar findings were observed in this study. Following severe
burn, we observed an increase in whole-body protein break-
down as reflected by the increases in appearance rates of
phenylalanine and leucine, as well as increases in hepatic
synthesis of albumin. Thus, the increase in albumin synthesis
in this study may result from the increase in intracellular
amino acid availability from accelerated whole-body protein
breakdown. It should be emphasized that albumin synthesis

Copyright © 2010 by the Shock Society. Unauthorized reproduction of this article is prohibited.



SHOCK Ocroser 2010

is a dynamic process, and data presented in this study are
only a glimpse of albumin synthesis during the flow phase of
recovery. Changes in albumin synthesis at different periods,
such as shortly after burn or during the outpatient convales-
cent phase, may differ. In fact, a biphase pattern of albumin
synthesis has been suggested from previous animal studies.
When intra-abdominal sepsis was induced in rats, albumin
synthesis was found to be unchanged at 16 h (34) but in-
creased by 74% at 96 h after the insult (35). Future inves-
tigation will clarify whether the biphase pattern of albumin
synthesis is also present in burned patients.

Albumin infusion has been in clinical practice for more
than 50 years. It is widely used in hypoalbuminemic burn
patients to raise plasma albumin concentrations. Because vas-
cular permeability and albumin leak to the extravascular pool
are increased by injury, caution is advised in administering
exogenous albumin, especially because the effects of albumin
leaking to the extravascular pool are not clear. In addition,
albumin concentration has been used as an indicator of nu-
tritional status, although good correlation of plasma albumin
level and nutritional status is lacking (36—38). Data from this
study demonstrate that hepatic albumin synthesis was not
compromised in burn patients, which therefore questions the
role of infusing exogenous amino acids to stimulate albumin
synthesis to correct plasma albumin concentration.

In tracer methodology, protein synthesis is quantified by
the rate of tracer (amino acids) incorporation to protein over
time divided by the precursor enrichments (11). Because the
charged tRNAs are assembled along the ribosome according
to the codons of the mRNA during protein synthesis, the
enrichments of tRNA-bound amino acid likely represent true
precursor enrichments for the protein synthesis calculation.
However, accurate measurement of tRNA enrichment is dif-
ficult. Consequently, different precursor surrogates for pre-
cursor enrichment have been used. The enrichment of plasma
free amino acid is an easier measurement, but often provides
an underestimation of the true intracellular enrichment
because of the intracellular dilution by the unlabeled amino
acid released from intracellular protein breakdown. However,
phenylalanine has been shown to be an exception (39). When
tracer KIC is infused, it is converted to leucine intracellularly
and released to the bloodstream. Thus, plasma enrichment of
leucine from KIC infusion more closely represents intra-
cellular enrichments. In this study, both approaches (plasma
phenylalanine enrichments from ds-phenylalanine infusion
and leucine enrichments from d;-KIC infusion) were used to
quantify albumin synthesis. We observed comparable results
of albumin synthesis from both independent tracers within
the normal group and the burn group, as well as consistent
conclusions regarding changes in albumin synthesis by burn
in this study. Thus, it is reasonable to consider that our quan-
tification of albumin synthesis in this study is acceptable.

In conclusion, albumin synthesis was increased in severely
burned patients at 13 days after injury. The increase in al-
bumin synthesis, however, did not correct albumin concen-
trations, which was much lower those in matched control
subjects. Further investigation is required to reveal the role
of albumin disposal to albumin concentrations to determine
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the best treatment options in injured patients with depleted
albumin levels.
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